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I.  Introduction. 


Our  goal  is  to  develop  novel  chemotherapeutic  treatments  for  multiple  human  cancers  by  utilizing  the 
newly  developed  anti-cancer  agent,  GQ-ODN.  Innovative  treatment  approaches,  including  new  agents  with 
different  therapeutic  mechanisms  of  action  and  novel  molecular  targets,  are  urgently  needed  for  many  human 
cancers  (e.g.,  prostate  cancer,  non-small  cell  lung  cancer  [NSCLC],  and  squamous  cell  carcinoma  of  head  and 
neck  [SCCHN]).  In  recent  years,  mounting  evidence  has  indicated  that  signal  transducer  and  activator  of 
transcription  3  (Stat3)  could  be  an  important  target  for  cancer  therapy,  since  Stat3  participates  in  oncogenesis 
through  the  upregulation  of  genes  encoding  apoptosis  inhibitors  (Bcl-xL,  Mcl-1  and  survivin),  cell-cycle 
regulators  (cyclin  D1  and  c-Myc),  and  inducers  of  angiogenesis  (VEGF).  Stat3  is  constitutively  activated  in 
many  human  cancers — including  more  than  90%  of  SCCHN,  54%  of  NSCLC  and  82%  of  prostate  cancers. 
However,  no  anti-tumor  drug  whose  primary  mode  of  action  is  to  target  Stat3  has  yet  reached  the  clinic.  To  this 
end,  we  have  laid  the  initial  groundwork  to  develop  G-quartet  oligodeoxynucleotide  (GQ-ODN),  which  forms 
G-quartet  helical  DNA  structures,  into  a  potent  inhibitor  of  Stat3  activation  in  cancer  cells  and  tumors.  In  our 
studies,  we  have:  (1)  demonstrated  that  GQ-ODN  specifically  inhibits  Stat3  DNA  binding  activity  and  induces 
apoptosis  in  human  cancer  cells;  (2)  developed  a  novel  delivery  system  for  GQ-ODN,  to  increase  drug  activity 
in  cells  and  in  vivo;  and  (3)  shown  that  GQ-ODN  T40214  and  T40231  significantly  suppress  tumor  growth  and 
greatly  increase  the  survival  time  of  nude  mouse  xenografts  with  tumors,  in  which  Stat3  is  activated  (e.g., 
prostate,  SCCHN  and  NSCLC  tumors).  Compared  to  other  JAK/STAT  inhibitors,  the  use  of  GQ-ODN  as  a 
Stat3  inhibitor  is  advantageous,  in  that  it  selectively  targets  Stat3  and  demonstrates  strong  drug  effectiveness  in 
vivo.  The  hypothesis  proposed  in  this  study  is  that  the  critical  oncogenic  signaling  pathway  of  Stat3  strongly 
influences  the  progression  of  SCCHN,  prostate  cancer,  and  NSCLC,  and  that  targeting  the  Stat3  molecule  will 
produce  a  novel  chemotherapeutic  treatment  for  these  three  human  cancers.  To  determine  the  validity  of  this 
hypothesis,  we  have  designed  broadly  therapeutic  experiments. 

II.  Body  of  research  accomplishments  in  Pi’s  group  from  4/1/05  to  3/31/06. 

1.  Publication:  Targeting  Stat3  with  G-quartet  oligonucleotides:  a  potential  novel  therapy  for  head  and 
neck  cancer  (Jing  et  al.  Mol.  Cancer  therapeutics  5:279-286  (2006),  Appendix  1). 

ABSTREAT :  Signal  transducer  and  activator  of  transcription  3  (Stat3)  is  a  critical  mediator  of  oncogenic 
signaling  activated  frequently  in  many  types  of  human  cancer  where  it  contributes  to  tumor  cell  growth  and 
resistance  to  apoptosis.  Stat3  has  been  proposed  as  a  promising  target  for  anti-cancer  drug  discovery.  Recently, 
we  developed  a  series  of  G-quartet  oligodeoxynucleotides  (GQ-ODN)  as  novel  and  potent  Stat3  inhibitors, 
which  significantly  suppressed  the  growth  of  prostate  and  breast  tumors  in  nude  mice  (Jing  et  al.  Cancer  Res. 
2004;  64:6603-9).  In  the  present  study,  we  demonstrated  that  GQ-ODN  specifically  inhibited  DNA-binding 
activity  of  Stat3  as  opposed  to  Statl.  Computer-based  docking  analysis  revealed  that  GQ-ODN  predominantly 
interacts  with  the  SH2  domains  of  Stat3  homodimers  to  destabilize  dimer  formation  and  disrupt  DNA-binding 
activity.  We  employed  five  regimens  in  the  treatment  of  nude  mice  with  tumors  of  squamous  cell  carcinoma  of 
the  head  and  neck  (SCCHN):  placebo,  paclitaxel,  GQ-ODN  T40214,  GQ-ODN  T40231,  and  T40214  plus 
paclitaxel.  The  mean  size  of  SCCHN  tumors  over  21  days  only  increased  by  1.7  fold  in  T40214-treated  mice 
and  actually  decreased  by  35%  in  T40214  plus  paclitaxel-treated  mice  while  the  mean  size  of  SCCHN  tumors 
increased  9.4  fold  in  placebo-treated  mice  in  the  same  period.  These  findings  demonstrate  that  GQ-ODN  has 
potent  activity  against  SCCHN  tumor  xenografts  alone  and  in  combination  with  paclitaxel. 


Conclusion  1:  Here  we  demonstrated  the  selective  inhibition  of  Stat3  rather  than  Statl  for  GQ-ODN.  In 
addition  to  Stat3,  constitutive  activation  of  Statl  are  also  active  in  head  and  neck  cancer.  Statl,  which  acts  in  a 
pro-apoptotic  and  anti-proliferative  manner,  seems  to  be  a  tumor  suppressor — but  functions  in  a  manner  that  is 
contrary  to  Stat3.  Thus,  specifically  targeting  Stat3,  rather  than  Statl,  is  a  critical  issue  in  the  development  of  a 
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potent  Stat3  inhibitor.  Compared  to  other  JAK/STAT  inhibitors,  specifically  targeting  Stat3  is  advantageous  for 
GQ-ODN  as  an  anti-cancer  agent.  Based  upon  computational  analysis  we  have  demonstrated  the  mechanism  and 
structures  of  specifically  targeting  Stat3  by  GQ-ODN.  Also,  we  employed  five  regimens  in  the  treatment  of 
nude  mice  with  SCCHN  tumors.  As  another  advantageous,  GQ-ODN  has  significant  effect  on  tumor 
suppression  in  SCCHN.  Therefore,  GQ-ODN  is  not  only  a  potent  anti-cancer  agent  anole  but  also  has  great 
potential  to  combine  with  other  drugs  (e.g.,  paclitaxel)  for  novel  and  effective  combined  chemotherapy  options. 


2.  Manuscript:  Stat3  is  a  critical  therapeutic  target  for  non-small  cell  lung  cancer  (NSCLC)  and  GQ- 
ODN,  as  a  Stat3  inhibitor,  represents  a  promising  treatment  in  NSCLC  (Weerasinghe  et  al.  submitted 
(2006),  Appendix  2). 

ABSTRACT:  Worldwide,  lung  cancer  is  the  leading  cause  of  cancer  mortality  and  the  majority  of  lung  cancers 
are  non-small  cell  lung  cancers  (NSCLC).  Despite  some  advancement  in  alternative  therapies  over  the  past 
decade,  the  overall  prognosis  for  NSCLC  patients  remains  very  poor.  Thus,  innovative  therapeutic  approaches 
employing  new  agents  are  urgently  needed.  Signal  transducer  and  activator  of  transcription  3  (Stat3) — which 
participates  in  oncogenesis  through  the  upregulation  of  genes  encoding  apoptosis  inhibitors,  cell-cycle 
regulators,  and  inducers  of  angiogenesis — provides  a  rational  molecular  target  for  cancer  therapy.  Recently,  we 
developed  G-quartet  oligodeoxynucleotide  (GQ-ODN)  as  a  potent  anticancer  agent.  Our  studies  show  that  GQ- 
ODN  T40214  and  T40231  significantly  suppress  the  growth  of  NSCLC  tumors  in  nude  mice  by  specifically 
inhibiting  the  activation  of  Stat3  and  its  regulated  proteins  (e.g.,  Bcl-2,  Bcl-xL,  Mcl-1,  VEGF,  survivin,  Cyclin 
Dl,  and  c-myc );  thereby,  greatly  promoting  apoptosis  and  reducing  angiogenesis  and  cell  proliferation  in 
NSCLC  tumors.  These  findings  validate  Stat3  as  an  important  molecular  target  for  NSCLC  therapy  and  provide 
evidence  that  targeting  Stat3  signaling  may  constitute  a  novel  and  potent  therapeutic  treatment  option  for 
NSCLC.  Our  results,  which  demonstrate  the  efficacy  of  GQ-ODN  in  blocking  p-Stat3  DNA-binding  and 
inhibiting  Stat3  phosphorylation,  correspond  well  with  the  mechanism  of  Stat3  activation  and  inactivation 
proposed  in  2005  by  the  Darnell  group. 

Conclusion  2:  Worldwide,  lung  cancer  is  the  leading  cause  of  cancer  mortality  and  the  majority  of  lung  cancers 
are  non-small  cell  lung  cancers  (NSCLC).  Despite  some  advancement  in  alternative  therapies  over  the  past 
decade,  the  overall  prognosis  for  NSCLC  patients  remains  very  poor.  Innovative  treatment  approaches  that 
employ  new  agents  with  different  mechanisms  of  action  and  novel  molecular  targets  are  urgently  needed  for 
lung  cancer  therapy.  Stat3  has  been  identified  as  an  important  target  for  cancer  therapy,  since  it  participates  in 
oncogenesis  through  the  upregulation  of  genes  encoding  apoptosis  inhibitors,  cell-cycle  regulators,  and  inducers 
of  angiogenesis.  In  our  studies,  the  results  show  that  GQ-ODN  T40214  and  T40231  significantly  suppress  the 
growth  of  NSCLC  tumors  in  nude  mice  by  specifically  inhibiting  the  activation  of  Stat3  and  its  regulated 
proteins  (e.g.,  Bcl-2,  Bcl-xL,  Mcl-1,  VEGF,  survivin,  Cyclin  Dl,  and  c-myc);  thereby,  greatly  promoting 
apoptosis  and  reducing  angiogenesis  and  cell  proliferation  in  NSCLC  tumors.  Our  findings  also  validate  Stat3 
as  an  important  molecular  target  for  NSCLC  therapy  and  provide  evidence  that  targeting  Stat3  signaling  may 
constitute  a  novel  and  potent  therapeutic  treatment  option  for  NSCLC.  Moreover,  our  results,  which 
demonstrate  the  efficacy  of  GQ-ODN  in  blocking  p-Stat3  DNA-binding  and  inhibiting  Stat3  phosphorylation, 
correspond  well  with  the  mechanism  of  Stat3  activation  and  inactivation  proposed  in  2005  by  the  Darnell  group. 

3.  Ongoing  project:  GQ-ODN  T40214  is  a  potent  anti-cancer  agent  for  prostate  cancer  therapy. 
RESULTS:  After  tumors  were  established  (vol.  50-150  mm3),  treatment  of  the  nude  mice  with  prostate  (PC3) 
tumors  was  performed  by  IP  injection.  The  nude  mice  were  randomly  assigned  to  3  groups  (5  mice  in  each 
group):  Group  1  was  treated  with  paclitaxel  (a  clinical  drug)  at  lOmg/kg;  and  Groups  2  were  treated  with  GQ- 
ODN  T40214  (lOmg/kg),  and  Groups  3  were  treated  with  combination  of  T40214  (5mg/kg)  and  paclitaxel 
(5mg/kg).  Paclitaxel  and  T40214  were  administered  every  two  days.  The  results  demonstrate  that,  over  the  18- 
day  treatment  period,  the  mean  size  of  prostate  tumors  in  the  paclitaxel-treated  mice  increased  from  7 1  to  509 
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(mm3),  whereas,  the  mean  size  of  prostate  tumors  in  T40214  -treated  mice  decreased  from  91  to  33  (mm3) 
(Fig.l&2).  Significant  differences  in  tumor  growth  were  observed  between  placebo-treated  mice  and  T40214- 

treated  (p=0.0005)  and  between  placebo+T40214- 
treated  mice  and  T40214-treated  (p=0.0007). 


A.  Paclitaxel-treated  mice 


B.  T40214-treated  mice 


18  days  of  paclitaxel  treatment  18  days  of  T40214  treatment 

Figure  1.  The  nude  mice  with  prostate  tumors  (PC 3)  were 
treated  by  paclitaxel  (A)  and  GQ-ODN  T40214  (B).  Up-panels 
showed  the  tumors  sizes  of  mice  at  beginning  of  treatment  and 
down-panels  showed  tumor  sizes  of  miceafter  18  day  treatments. 


Day  of  treatment 

Figure  2.  Plot  of  tumor  volume  vs  day  of  treatment. 


Conclusion  3:  We  demonstrated  that  GQ-ODN  significantly  suppresses  the  growth  of  prostate  tumors  in  nude 
mice  xenografts.  In  our  previous  studies  (Appendices  1&2),  we  also  know  that  GQ-ODN  inhibits  Stat3  DNA- 
binding  activity  and  blocks  its  transcription.  The  activation  of  several  critical  proteins  regulated  by  Stat3  is 
totally  prohibited  in  tumors,  including  apoptosis  inhibitors  (Bcl-xL,  Mcl-1,  and  survivin),  cell-cycle  regulators 
(cyclin  D1  and  c -myc),  and  inducers  of  angiogenesis  (VEGF).  The  inhibition  of  these  proteins  induces  a 
tremendous  increase  in  apoptosis  and  a  concomitant  decrease  in  angiogenesis  and  cell  proliferation  in  tumors — 
all  of  which  strongly  deter  tumor  growth.  We  have  also  found  that  paclitaxel,  a  wildly  used  clinical  drug,  has  a 
mild  effect  on  tumor  growth,  due  to  the  fact  that  this  agent  does  not  inhibit  Stat3  activation,  but  only  partially 
blocks  expression  of  the  proteins  Bc1-xl,  survivin,  and  c -myc.  These  results  provide  solid  evidence  that  Stat3  is 
an  important  molecular  target  for  human  cancer  therapy  and  that  targeting  Stat3  signaling  may  constitute  a 
novel  and  potent  therapeutic  treatment  for  human  cancers. 


III.  Reportable  outcomes. 


Publications  and  manuscripts: 

1.  Shao,  H.  Xu,  X.,  Jing,  N.,  Tweardy,  D.  J.  “Structure  requirements  for  signal  transducer  and  activitor  of 
transcription  (STAT)  3  binding  to  granulocyte  colony-stimulating  factor  receptor  (G-CSFR) 
phosphotyrosine  ligands  704  and  744”  Journal  of  Immunology  (2006)  176:2933-41. 

2.  Jing  N,  Zhu  Q,  Yuan  P,  Li  Y,  Mao  L,  Tweardy  DJ.  “Targeting  Stat3  with  G-quartet  oligonucleotides:  a 
potential  novel  therapy  for  head  and  neck  cancer”  Mol.  Cancer  Therapeutics  (2006)  5:279-286. 

3.  Tweardy,  DJ,  Jing  N.  “Enhancing  or  eliminating  signals  for  cell  survival  to  treat  disease”  (2005) 
Transactions  of  the  American  Clinical  and  climatological  Associate  (in  press). 

4.  Nussenzveig  RH,  Lingam  HB,  Gaikwar  A,  Zhu,  Q,  Jing  N,  Prchal  JT.  “A  novel  mutation  of  the 
cytochrome-b5  reductase  gene  in  an  Indian  patient.  Molecular  basis  of  type  I  methemoglobinemia”  (2006) 
(submitted). 

5.  Weerasinghe  P,  Garcia  GE,  Yuan  P,  Feng  L,  Mao  L,  Jing  N.  “Stat3  is  a  critical  therapeutic  target  for  non¬ 
small  cell  lung  cancer  (NSCLC)  and  GQ-ODN,  as  a  Stat3  inhibitor,  represents  a  promising  treatment  in 
NSCLC  (2006)  (submitted). 
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1.  Naijie  Jing*,  Yidong  Li,  Qiging  Zhu,  Ping  Yuan,  Yun  Oh,  Li  Mao  and  David  J.  Tweardy  “Suppression 
of  growth  of  squamous  cell  carcinoma  of  head  and  neck  xenografts  in  nude  mice  by  G-quartet 
oligonucleotides  that  target  Stat3”  96th  AACR  conference  April  16-21,  2005,  Anaheim  CA. 

2.  Qiqing  Zhu,  Yidong  Li,  and  Naijie  Jing*  “Structure-based  drug  design  of  G-quartet  Oligonucleotides  as 
a  new  class  of  Stat3  inhibitors  for  cancer  therapy”  96th  AACR  conference  April  16-21,  2005,  Anaheim 
CA. 

3.  Jing  N,  Zhu  Q,  Li  Y,  Weerasinghe  Y.  “Targeting  Stat3  with  G-quartet  Oligonucleotides:  A  Potential 
Novel  Therapy  for  Human  Cancers”  EORTC-NCI-AACR  meeting,  2005,  Philadelphia,  PN. 

Invited  presentation: 

1.  China  Pharmaceutical  University,  Nanjing,  China,  Dec.  25,  2005. 

2.  Institute  of  Biochemistry  and  Cell  Biology,  Chinese  Academy  of  Science,  Dec.  20,  2005. 

3.  Hormel  Institute,  University  of  Minnesota,  Austin,  MN,  Aug.  26,  2005. 

4.  School  of  Medicine,  University  of  Utah,  Salt  Lake  City,  July  27,  2005. 

IV.  Conclusion  of  the  researches  from  4/1/05  to  3/31/06. 

Several  significant  progresses  of  human  cancer  therapeutics  with  a  novel  anti-cancer  agent  have  made  in  PI 
laboratory,  (i)  We  have  demonstrated  that  Stat3  is  critically  therapeutic  target  for  several  human  cancers,  such 
as  head  and  neck  cancer,  non-small  lung  cancer,  and  prostate  cancer  (see  Appendices  1&2,  part  II  of  this 
report),  and  targeting  Stat3  signaling  can  constitute  a  novel  and  potent  therapeutic  treatment  for  human  cancers, 
(ii)  Comparing  with  other  JAK/STAT  inhibitors,  GQ-ODN  has  an  advantage  in  specific  inhibition  of  Stat3 
activation  in  cells  and  in  vivo  (1).  The  selective  targeting  of  Stat3  rather  than  Statl  becomes  a  key  factor  in  the 
development  of  a  potent  Stat3  inhibitor,  however,  the  structure  of  Statl  is  very  similar  to  that  of  Stat3,  which 
makes  the  design  of  a  potent  Stat3  inhibitor  even  more  challenging  (2,  3).  (iii)  Importantly,  comparing  with  the 
effect  of  clinical  drug,  paclitaxel,  GQ-ODN  T40214  and  T40231  have  a  strong  effect  on  suppressing  tumor 
growth  in  nude  mice,  including  head  and  neck  tumors,  non-small  lung  tumors  and  prostate  tumors,  showing  that 
GQ-ODN  represents  a  novel  and  promising  class  of  anti-cancer  drug  in  the  treatment  of  metastatic  tumors  (see 
Appendices  1&2,  part  II  of  this  report),  (iv)  The 
mechanism  of  the  inhibition  of  tumor  growth  by  GQ- 
ODN  has  been  demonstrated  in  Figure  3.  GQ-ODNs  are 
delivered  into  the  cytoplasm  by  PEI/DNA  complexes. 

Induced  by  the  elevated  K+  concentration  within  the 
cytoplasm,  ODNs  form  G-quartet  structures  that  diffuse 
into  the  nucleus  and  inhibit  DNA  binding,  as  previously 
described  (4,  5);  subsequently,  they  dissociate  Stat3 
dimer  from  DNA,  inducing  p-Stat3  dephosphorylation. 

The  inhibition  of  Stat3  activation  by  GQ-ODN  blocks 
the  translation  of  Stat3-regulated  genes;  notably,  those 
encoding  anti-apoptotic  proteins  (Bcl-2,  Bc1-xl,  Mcl-1, 
and  survivin),  cell-cycle  regulators  (cyclin  D1  and  c- 
myc ),  and  inducers  of  angiogenesis  (VEGF). 

Consequently,  the  inhibition  of  Stat3  activation — which 
significantly  promotes  apoptosis  and  reduces 
angiogenesis  and  cell  proliferation — strongly  suppresses 
tumor  growth. 


Figure  3.  The  pathway  of  inhibiting  Stat3  with  GQ-ODN  in 
cancer  therapy. 
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Abstract 

Signal  transducer  and  activator  of  transcription  3  (Stat3)  is 
a  critical  mediator  of  oncogenic  signaling  activated 
frequently  in  many  types  of  human  cancer  where  it 
contributes  to  tumor  cell  growth  and  resistance  to 
apoptosis.  Stat3  has  been  proposed  as  a  promising  target 
for  anticancer  drug  discovery.  Recently,  we  developed  a 
series  of  G-quartet  oligodeoxynucleotides  (GQ-ODN)  as 
novel  and  potent  Stat3  inhibitors,  which  significantly 
suppressed  the  growth  of  prostate  and  breast  tumors  in 
nude  mice.  In  the  present  study,  we  showed  that  GQ-ODN 
specifically  inhibited  DNA-binding  activity  of  Stat3  as 
opposed  to  Statl.  Computer-based  docking  analysis 
revealed  that  GQ-ODN  predominantly  interacts  with  the 
SH2  domains  of  Stat3  homodimers  to  destabilize  dimer 
formation  and  disrupt  DNA-binding  activity.  We  employed 
five  regimens  in  the  treatment  of  nude  mice  with  tumors  of 
head  and  neck  squamous  cell  carcinoma  (HNSCC): 
placebo,  paclitaxel,  GQ-ODN  T40214,  GQ-ODN  T40231, 
and  T40214  plus  paclitaxel.  The  mean  size  of  HNSCC 
tumors  over  21  days  only  increased  by  1.7-fold  in 
T40214-treated  mice  and  actually  decreased  by  35%  in 
T40214  plus  paclitaxel -treated  mice  whereas  the  mean 
size  of  HNSCC  tumors  increased  9.4-fold  in  placebo- 
treated  mice  in  the  same  period.  These  findings  show 
that  GQ-ODN  has  potent  activity  against  HNSCC  tumor 
xenografts  alone  and  in  combination  with  paclitaxel.  [Mol 
Cancer  Ther  2006;5(2):279 -86] 
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Introduction 

Signal  transducer  and  activator  of  transcription  3  (Stat3), 
a  critical  mediator  of  oncogenic  signaling,  is  constitutively 
activated  in  many  human  cancers  (1-4)  including  82%  of 
prostate  cancers  (5),  70%  of  breast  cancers  (6),  >90%  of  head 
and  neck  cancers  (7),  and  over  half  of  lung  cancers  (8).  Stat3 
plays  a  critical  role  in  oncogenic  signaling  through  the  up- 
regulation  of  genes  encoding  apoptosis  inhibitors  ( Bcl-xL/ 
Mcl-1,  and  survivin),  cell  cycle  regulators  ( cyclin  D1  and 
c -myc),  and  inducers  of  angiogenesis  ( VEGF ;  ref.  3). 
Therefore,  Stat3  is  considered  to  be  an  important  molecular 
target  for  human  cancer  therapy  (4). 

Head  and  neck  squamous  cell  carcinoma  (HNSCC)  is 
believed  to  arise  via  multistep  carcinogenesis  (9-11). 
Common  molecular  events  that  contribute  to  the  emergence 
of  the  tumor  cell  clone  and  its  survival  may  be  considered  as 
potential  therapeutic  targets.  Increasing  evidence  has 
emerged  from  studies  examining  tumor  cells  in  culture 
and  clinical  samples  that  show  Stat3  is  a  critical  mediator  of 
oncogenic  signaling.  In  a  recent  report,  74  tumor  specimens 
from  90  HNSCC  patients  were  found  to  have  constitutive 
levels  of  Stat3  activation  (12).  Within  these  patient  samples, 
74%  and  47%  showed  high  levels  of  Stat3  activity  in  the  early 
and  late  classification  of  carcinogenesis,  respectively.  Previ¬ 
ous  studies  using  antisense  treatment  and  transfection  of 
dominant-negative  Stat3  constructs  have  shown  that  Stat3 
plays  a  crucial  role  in  HNSCC  cell  growth  in  vitro  (13,  14). 
Cumulatively,  these  results  indicate  that  activation  of  Stat3 
signaling  contributes  to  the  development  of  HNSCC  and 
provide  a  strong  rationale  for  targeting  Stat3  in  the  treatment 
of  head  and  neck  cancer  (15). 

G-rich  DNA  sequences  have  been  identified,  cloned,  and 
characterized  in  the  telomeres  of  many  organisms,  such  as 
fungi,  ciliates,  vertebrates,  and  insects  (16).  G-quartets  arise 
from  the  association  of  four  G-bases  into  a  cyclic  Hoogsteen 
H-bonding  arrangement.  G-quartets  stack  on  top  of  each 
other  to  give  rise  to  tetrad-containing  helical  structures. 
G-rich  DNA  can  form  different  G-quartet  structures,  inclu¬ 
ding  intramolecular  G-quartets,  hairpin  dimers,  and  parallel- 
stranded  tetramers  (17-19).  Based  on  the  G-quartet  structure 
and  its  physical  properties,  GQ-ODNs  act  as  non-antisense 
agents  that  directly  interact  with  a  target  protein  to  interfere 
with  its  function.  G-quartet  forming  oligodeoxynucleotides 
(GQ-ODN)  have  been  developed  to  modulate  several 
biological  processes  such  as  telomerase  activity  (20),  human 
thrombin  activity  (21),  HIV  infection  (22,  23),  and  HIV-1 
integrase  activity  (24-27).  GQ-ODNs  were  also  developed  as 
anticancer  agents  to  inhibit  DNA  replication  and  induce 
S-phase  cell  cycle  arrest  (28,  29)  and  inhibit  topoisomerase  I 
(30).  Topoisomerase  I  plays  a  crucial  role  in  DNA  replication, 
RNA  transcription,  and  other  cellular  functions  (31). 
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Recently,  we  developed  GQ-ODNs,  T40214,  and  T40231, 
which  serve  as  potent  inhibitors  of  Stat3  DNA-binding 
activity  thereby  suppressing  expression  of  Stat3-regulated, 
antiapoptotic  genes  such  as  Bcl-xL  and  Mcl-1  in  cancer  cells 
(32).  Computational  methods  predicted  that  GQ-ODNs 
insert  between  the  two  SH2  domains  of  the  Stat3  homo¬ 
dimer,  resulting  in  dimer  destabilization.  When  adminis¬ 
tered  i.v.  through  a  novel  drug  delivery  system,  T40214  and 
T40231  dramatically  inhibited  the  growth  of  prostate  and 
breast  tumor  xenografts  in  nude  mice.  A  biochemical  exa¬ 
mination  of  tumors  from  GQ-ODN -treated  mice  showed  a 
significant  decrease  in  the  expression  of  antiapoptotic 
proteins,  Bcl-2  and  Bcl-xL,  and  a  marked  increase  in  apo¬ 
ptosis  of  tumor  cells  (33). 

In  the  present  study,  we  showed  that  GQ-ODN  selec¬ 
tively  inhibits  the  DNA-binding  activity  of  Stat3,  but  not 
Statl,  derived  from  HNSCC  cells  and  that  it  significantly 
increases  apoptosis  in  these  cells.  Our  in  vivo  results 
showed  that  the  growth  of  HNSCC  tumors  in  nude  mice 
xenografts  was  strongly  suppressed  by  treatment  with  GQ- 
ODN  alone  or  combined  with  paclitaxel. 

Materials  and  Methods 

Materials 

Oligonucleotides  were  synthesized  by  Midland  Certified 
Reagent  Co.  (Midland,  TX)  and  used  without  further 
chemical  modification.  The  HNSCC  cell  lines  MDA-1986, 
Tul67,  and  B4B8  were  provided  by  Dr.  Li  Mao  (Thoracic/ 
Head  and  Neck  Medical  Oncology,  M.D.  Anderson  Cancer 
Center,  Houstin,  TX).  The  cells  were  grown  in  DMEM 
medium  containing  10%  fetal  bovine  serum  with  penicillin 
and  streptomycin.  Polyethylenimine  ( ~  25K)  was  pur¬ 
chased  from  Aldrich  Chemical  Co.  (Milwaukee,  WI). 
Interleukin  6  (IL-6)  and  IFN-y  were  purchased  from  R&D 
Systems,  Inc.  (Minneapolis,  MN).  Antibodies  to  Statl  and 
Stat3  were  purchased  from  Santa  Cruz  Biotechnology,  Inc. 
(Santa  Cruz,  CA). 

Electrophoretic  Mobility  Shift  Assay 

Electrophoretic  mobility  shift  assay  was  done  as  previ¬ 
ously  described  (32).  Briefly,  IL-6  (25  ng/mL)  or  IFN-y 
(25  ng/mL)  was  added  into  wells  containing  5  x  105  to 
7  x  105  HNSCC  cells.  Cells  were  washed  and  extracted 
using  high-salt  buffer.  The  protein  concentrations  of  the 
extracts  were  determined  using  a  Bradford  assay  (Bio-Rad 
Laboratories,  Hercules,  CA).  The  32P-labeled  duplex  DNA 
probe  (hSIE,  5'-AGCTTCATTTCCCGTAAATCCTA)  was 
purified  using  G-25  columns  (GE  Healthcare /Amersham 
Biosciences,  Piscataway,  NJ).  Labeled  hSIE  probe  was 
mixed  with  5  pg  of  cell  protein  in  1  x  binding  buffer  and 
2  pg  of  poly(deoxyinosinic-deoxycytidylic  acid)  and  incu¬ 
bated  at  room  temperature  for  15  minutes  with  or  without 
GQ-ODN.  Samples  were  loaded  onto  5%  polyacrylamide 
gel  containing  0.25  x  Tris-borate  EDTA  and  2.5%  glycerol. 
The  gel  was  run  at  160  to  200  V  for  2  to  3  hours  at  room 
temperature,  dried,  and  autoradiographed. 

Computational  Analysis 

GRAMM  and  HEX  docking  programs  were  employed  to 
predict  the  interaction  between  GQ-ODN  T40214  and  Stat3 


dimer.  GRAMM  uses  a  geometry-based  algorithm  to  gene¬ 
rate  quantitative  data  that  will  predict  the  structure  of  a 
protein-protein  complex  and  forecast  the  quality  of  the 
contact  between  molecules  of  known  structures  (34).  The 
GRAMM  docking  program  constructed  the  complexes  of 
GQ-ODN  / Stat3  dimer,  without  any  prior  restriction  for  the 
binding  site,  and  generated  a  low-energy  conformation 
as  an  initial  orientation  for  HEX.  An  advanced  docking 
technology  tool,  HEX  can  rapidly  search  a  high-resolution 
structure  in  six  dimensions  for  rigid  ligand  docking  based 
on  its  spherical  polar  Fourier  correlations  (35).  We 
systematically  rotated  (180  degrees)  each  molecule  about 
its  centroid  and  searched  the  structure  of  980  candidates  for 
those  with  the  lowest  binding  energy  for  shape  comple¬ 
mentarities  and  electrostatic  contribution.  The  final  docking 
structure  was  determined  through  GRAMM  and  HEX. 

In  vivo  Delivery  of  Fluorescent-Labeled  GQ-ODN 

We  administered  5' -fluorescent-labeled  T40214  (10  mg/kg) 
plus  polyethylenimine  (2.5  mg/kg)  via  i.p.  injection  into 
nude  mice  with  HNSCC  tumors.  After  injecting  GQ-ODN/ 
polyethylenimine  complex  at  24,  48,  and  72  hours,  the  mice 
were  sacrificed  and  the  tumor  tissues  were  harvested  and 
frozen.  Frozen  tissues  were  sectioned  for  histopathologic 
analysis  with  a  cryostat  microtome;  subsequently,  the 
sections  were  lightly  fixed  and  the  tumors  were  examined 
via  fluorescent  microscopy. 

In  vivo  Drug  Tests  with  Xenograft  Models 

Athymic  nude  mice  (Balb -nu/nu,  4  weeks  old,  and 
weighing  ~  20  g;  Charles  River  Laboratories,  Inc.,  Wilming¬ 
ton,  MA)  were  injected  s.c.  into  the  right  (or  left)  flank  with 
1  million  HNSCC  cells  (MDA1986)  in  200  pL  PBS.  After 
tumors  were  established,  nude  mice  with  HNSCC  tumors 
were  randomly  assigned  to  five  groups  with  five  mice  in 
each  group:  group  1  (placebo)  was  treated  by  polyethyleni¬ 
mine  alone;  group  2  was  treated  with  paclitaxel  (a  toxicity 
drug);  groups  3  and  4  were  treated  with  T40231 /polyethy¬ 
lenimine  and  T40214 /polyethylenimine,  respectively;  and 
group  5  was  treated  with  T40214 /polyethylenimine  plus 
paclitaxel.  Polyethylenimine  and  GQ-ODN  were  adminis¬ 
tered  every  2  days  and  paclitaxel  was  injected  i.p.  every 
4  days.  Tumors  were  measured  every  2  days;  tumor  sizes 
were  calculated  by  using  the  function  [a  x  (0 .5b)2],  where 
a  and  b  are  the  length  and  width  of  tumors,  respectively. 

H&E  Staining  and  Terminal  Deoxyribonucleotidyl 
Transferase  -  Mediated  dUTP  Nick  End  Labeling  Analysis 

To  determine  potential  morphologic  changes  in  tumors 
derived  from  cells  treated  with  GQ-ODNs,  we  collected 
tumor  tissues  from  each  treatment  group,  fixed  them 
with  10%  formaldehyde  in  paraffin,  and  sectioned  them. 
For  morphologic  examination,  5-pm  tissue  sections  were 
stained  with  H&E.  For  terminal  deoxyribonucleotidyl 
transferase -mediated  dUTP  nick  end  labeling  (TUNEL) 
analysis,  5-pm  tissue  sections  were  mounted  on  siliconized 
glass  slides,  air-dried,  and  heated  at  45  °C  overnight.  After 
deparaffinization  and  rehydration,  the  sections  were 
digested  with  proteinase  K  (120  pg/mL)  for  20  minutes  at 
room  temperature.  Following  quenching  of  the  endogenous 
peroxidase  activity,  the  sections  were  washed  in  PBS  and 
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subsequently  incubated  with  equilibration  buffer  for 
10  minutes  at  room  temperature.  After  blotting,  we  applied 
50  jiL  of  a  mix  containing  terminal  deoxynucleotidyl 
transferase  and  reaction  buffer  containing  dATP  and 
digoxigenin-ll-dUTP.  The  sections  were  covered  with  a 
plastic  coverslip  and  placed  in  a  humidified  chamber  at 
37 °C  for  1  hour.  After  removal  of  the  coverslip,  the  sections 
were  washed  in  stop /wash  buffer  for  10  minutes  at  room 
temperature  and  subsequently  in  PBS.  The  sections  were 
then  incubated  with  antidigoxigenin-peroxidase  for  30 
minutes  at  room  temperature  and  washed  in  PBS.  Finally, 
color  development  was  accomplished  by  immersion  of  the 
slides  in  3.3' -diaminobenzidine/0.1%  H 202  for  3  to  7 
minutes.  Sections  were  counter  stained  with  ethyl  green, 
washed  in  butanol,  cleared  in  xylol,  and  mounted  with 
Permount. 


Results 

Inhibition  of  Stat3  DNA-Binding  Activity  by  GQ-ODNs 
in  Head  and  Neck  Cancer  Cells 

Recently,  we  developed  G-rich  oligodeoxynucleotides, 
T40214  and  T40231,  as  lead  compounds  that  would  serve  as 
potent  inhibitors  of  Stat3  activity  (Fig.  1A);  T40214  and 
T40231  both  form  G-quartet  DNA  structures  (GQ-ODN) 
inside  cells  (32).  The  difference  between  the  two  structures 
is  that  T40214  is  composed  of  two  G-quartets  in  the  center 
and  two  G-C-G-C  loop  domains  on  the  top  and  bottom, 
whereas  T40231  is  composed  of  two  G-quartets  with  one 
T-G-T-G  loop  on  the  bottom  and  one  G-T  loop  on  the  top 
(Fig.  IB).  The  GQ-ODN  T40214  forms  very  stable  molecular 
structures,  ~  15  A  in  length  and  15  A  in  width.  The  results 
obtained  from  electrophoretic  mobility  shift  assay  showed 
that  IL-6  activated  Stat3  DNA-binding  activity  within  three 
HNSCC  cells,  TU167,  B4B8,  and  MDA1986  (Fig.  1C),  and 
that  GQ-ODNs  T40214  and  T40231  strongly  inhibited  the 
Stat3  DNA-binding  activity  with  IC50s  of  5  and  7  pmol/L, 
respectively  (Fig.  ID).  Nonspecific  ODN,  which  does  not 
form  G-quartet  structures,  was  used  as  a  control;  nonspe¬ 
cific  ODN  showed  no  inhibition  of  Stat3  DNA-binding 
activity  even  when  the  concentration  of  ODN  was 
increased  up  to  285  pmol/L,  showing  that  G-quartet 
structure  is  essential  to  the  inhibition  of  Stat3  DNA-binding 
activity. 

GQ-ODN  Specifically  Targets  Stat3  among  STAT 
Proteins 

To  confirm  that  the  GQ-ODN  was  specific  to  Stat3,  as 
opposed  to  Statl,  we  examined  the  ability  of  GQ-ODN  to 
inhibit  the  DNA-binding  activity  of  IL-6-activated  Stat3  and 
IFN-y-activated  Statl,  respectively,  via  electrophoretic  mo¬ 
bility  shift  assay  (Fig.  2A).  The  Statl -DNA  and  Stat3-DNA 
complexes  were  identified  using  antibodies  against  Stat3 
(Ab3)  and  Statl  (Abl).  We  found  that  T40214  strongly 
inhibited  the  DNA-binding  of  Stat3  (IC50, 5  pmol/L)  whereas 
50%  inhibition  of  Statl  DNA-binding  was  not  achieved 
under  the  same  conditions  using  concentrations  of  T40214 
up  to  142  gmol/L.  These  results  provide  solid  evidence  that 
GQ-ODN  preferentially  targets  Stat3  rather  than  Statl. 


DNA  oligonucleotides 

(1)  ns-ODN:  TGCCGGATCAAGAGCTACCA 

(2)  T40214:  GGGCGGGCGGGCGGGC 

(3)  T40231:  GGTGGGTGGGTGGG 
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Figure  1 .  Inhibition  of  Stat3  DNA-binding  activity  in  HNSCC  cells  by 
GQ-ODN.  The  sequences  (A)  and  structures  (B)  of  GQ-ODN,  T40214,  and 
T40231  constructed  from  nuclear  magnetic  resonance  data  (39).  Stat3  is 
constitutively  activate  in  all  three  HNSCC  cells  and  shows  increased 
activity  following  IL-6  exposure  (25  ng/mL,  20  min):  B4B8,  TUI  67,  and 
MDA1986  (C).  IC50s  for  inhibiting  Stat3  DNA-binding  activity  of  T40214 
and  T40231  in  HNSCC  were  determined  via  electrophoretic  mobility  shift 
assay;  nonspecific  ODN  (ns-ODN)  is  the  control  (D). 


Mechanism  of  Stat3-SpecificTargeting  by  GQ-ODN 

To  determine  the  mechanism  of  selective  Stat3  targeting 
by  GQ-ODN,  we  randomly  docked  GQ-ODN  T40214  (1,000 
times)  onto  the  dimer  structures  of  both  Stat3  and  Statl, 
without  setting  any  constraints,  and  analyzed  a  distribution 
of  H-bonds  formed  between  GQ-ODN  and  the  dimer  of 
Stat3  or  Statl.  The  number  of  H-bonds  formed  between 
GQ-ODN  and  Stat3  dimer  was  2-fold  greater  than  that 
formed  between  GQ-ODN  and  Statl  dimer,  showing  strong 
binding  interaction  between  GQ-ODN  and  Stat3  dimer.  The 
histograms  of  H-bond  distribution  show  that  the  interac¬ 
tion  between  GQ-ODN  and  Stat3  dimer  was  highly 
concentrated  on  the  binding  site  composed  of  amino  acids 
638  to  652,  especially  in  the  residues  of  Q643,  N646,  and 
N647.  However,  strong  binding  interaction  did  not  occur 
within  the  region  of  the  Statl  dimer  (Fig.  2B  and  C).  The 


Mol  Cancer  Ther  2006;5(2).  February  2006 


282  Targeting  Stat3  with  GQ-ODN  for  HNSCC  Therapy 


T40214 


Abl  Ab3  cont.  0  7  14  70  142  QiM) 

IFN -y__+  y  +  +  #:+  + 


IL-6  +  + 


-i 


■ 


Statl/Statl 

Stat3/Stat3 


1  10  20  30 

STA1_HUMAN  625  EPDFHAVEPYTKKELSAVTFPDI IRNYKVM  654 
STA3_HUMAN  631  KTQIQSVEPYTKQQLNNMSFAEI IMGYKIM  660 

*************** 


Figure  2.  GQ-ODN  specifically  targets  Stat3  dimer.  A,  electrophoretic 
mobility  shift  assays  show  the  inhibition  of  IL-6-activated  Stat3  and  IFN-7- 
activated  Statl  DNA-binding  activity  by  GQ-ODN  T40214  in  the  same 
conditions.  B,  alignment  of  the  partial  sequences  in  SH2  domains  of  Statl 
and  Stat3.  The  GQ-ODN  binding  site  within  Stat3  composed  of  residues 
E638  to  E652  (*).  C,  the  histograms  showed  the  distributions  of 
H-bonds  formed  between  GQ-ODN  and  Statl  or  Stat3  [i.e.,  the  number 
of  H-bonds  versus  amino  acids  of  Statl  (top)  and  Stat3  (bottom)],  based 
on  docking  1 ,000  complexes.  A  total  of  1  5,935  H-bonds  formed  between 
T40214  and  Stat3  dimer  and  39%  of  the  H-bonds  distributed  into  the 
binding  site  (residues  E638-E652).  No  specific  binding  site  of  GQ-ODN 
was  observed  in  Statl .  D,  docking  complexes  of  T40214/Stat3  (left)  and 
140214/Statl  (right)  showed  that  (a)  the  paired  residues  of  Q643  and 
N646  repel  one  another  to  form  an  open  channel  and  the  distance  of  Q643 
of  one  monomer  to  N646  of  another  is  about  7.81  A;  (b)  GQ-ODN  extends 
into  the  channel  to  form  seven  H-bonds  with  residues  Q643  to  N647;  and 
(c)  GQ-ODN  cannot  extend  into  SH2  domains  of  Statl  dimer  because  the 
side  chain  of  K637  of  one  monomer  is  in  close  proximity  to  a  hydroxyl 
group  of  S640  of  another. 


lowest  energy  complex  obtained  from  high-resolution 
GRAMM  docking  was  selected  as  the  initial  ligand  for 
HEX.  HEX  docking  scanned  2,520,089,600  orientations;  the 
complex  of  GQ-ODN/Stat3  dimer  is  depicted  in  Fig.  2D. 
The  crystal  structures  of  Stat3  and  Statl  dimers  (36,  37) 
show  that  in  Stat3  dimer,  the  residue  Q643  of  one 
monomer  repels  N646  of  another  due  to  negative-charged 
polar  side  chains,  thus  opening  a  channel  in  the  SH2 
domains.  In  contrast,  in  Statl,  K637  of  one  monomer 
interacts  with  S640  of  another,  which  locks  the  dimer 
together.  These  docking  results  show  that  residues  in  the 
loop  domains  of  GQ-ODN  form  seven  H-bonds  with  the 
residues  of  Q643  to  N647  and  tightly  bind  into  the  site  of 
Stat3,  thereby  destabilizing  the  dimer  formation  and 
disrupting  Stat3  DNA-binding;  in  contrast,  GQ-ODN 
cannot  interact  with  Statl. 

Delivery  of  GQ-ODNs  into  Tumors  of  Xenograft 
Models 

An  effective  drug  delivery  system  is  essential  to  the 
development  of  nucleic  acid  based  drugs  targeting  intracel¬ 
lular  signaling  proteins  as  cancer  therapeutic  agents.  The 
principal  difficulty  of  delivering  GQ-ODN  into  cells  arises 
from  the  physical  and  structural  properties  of  GQ-ODN 
because  it  cannot  directly  penetrate  cell  membranes  (38).  To 
determine  if  GQ-ODN  is  actually  delivered  to  HNSCC  tumors 
of  nude  mice  and  how  long  it  persists  within  tumors,  we 
administered,  via  i.p.  injection,  5'-fluorescent-labeled  T40214 
(10  mg/kg)  plus  polyethylenimine  (2.5  mg/kg).  After  these 
injections,  we  harvested  the  tumors  at  24,  48,  and  72  hours 
and  examined  the  tumors  under  fluorescent  microscopy. 
The  level  of  GQ-ODN  in  tumors  at  48  and  72  hours  was 
~  60%  and  20%,  respectively,  of  GQ-ODN  in  tumors  at  24 
hours  (Fig.  3A).  The  results  clearly  showed  that  GQ-ODN 
was  effectively  delivered  within  the  tumors  and  that  GQ- 
ODN  had  prolonged  half-life  within  the  tumors. 

Suppression  of  HNSCC  Tumor  Growth  by  GQ-ODN 

The  assessment  of  the  effectiveness  of  a  drug  in  an 
animal  model  is  an  important  step  toward  establishing  the 
potential  clinical  utility  of  the  drug.  To  this  end,  we 
used  the  nude  mice  tumor  xenograft  model  to  evaluate  the 
potential  of  GQ-ODNs  as  anticancer  agents.  First,  nude 
mice  were  injected  s.c.  with  HNSCC  cells  (MDA1986). 
When  tumors  were  established  (volume  of  50-150  mm3), 
treatment  of  the  nude  mice  with  HNSCC  tumors  was 
administered  by  i.p.  injection.  The  nude  mice  were 
randomly  assigned  to  five  groups:  group  1  (placebo) 
was  treated  by  polyethylenimine  (2.5  mg/ kg)  alone; 
group  2  was  treated  with  paclitaxel  at  10  mg/kg  (39); 
groups  3  and  4  were  treated  with  T40231 /polyethyleni¬ 
mine  and  T402 14 /polyethylenimine  (10  +  2.5  mg/kg), 
respectively;  and  group  5  was  treated  with  T40214/ 
polyethylenimine  (10  +  2.5  mg/kg)  plus  paclitaxel 
(10  mg  /kg).  Polyethylenimine  and  GQ-ODN  were  admin¬ 
istered  every  2  days  and  paclitaxel  was  injected  every 
4  days.  Over  the  course  of  the  21-day  treatment  period,  we 
found  that  the  mean  size  of  HNSCC  tumors  in  the  placebo- 
treated  mice  increased  from  90  to  850  mm3  whereas  the 
mean  size  of  HNSCC  tumors  in  the  T40214-treated  mice 


Mol  Cancer  Ther  2006;5(2).  February  2006 


Molecular  Cancer  Therapeutics  283 


Figure  3.  GQ-ODN  suppressed  the  growth 
of  HNSCC  in  xenograft  models.  A,  fluores¬ 
cent  micrographs  show  the  distribution  of 
labeled  T40214  in  head  and  neck  tumors 
after  24  (left  middle),  48  (right  middle), 
and  72  (right)  h.  B  and  C,  mice  with  HNSCC 
tumors  were  treated  by  placebo  and  T4021 4 
+  paclitaxel,  respectively.  Top ,  mice  at  the 
beginning  of  treatment;  bottom,  mice  at  the 
end  of  treatment.  D,  tumor  volumes  versus 
day  of  drug  treatment  for  the  five  groups  of 
nude  mice. 


only  increased  from  84  to  145  mm3;  in  the  T40214  plus 
paclitaxel -treated  mice,  tumors  decreased  from  86  to 
56  mm3  (Fig.  3B-D).  Our  statistical  analyses  indicated 
significant  differences  in  tumor  growth  between  (a) 
placebo-treated  and  combination-treated  mice  (P  <  0.001), 
(b)  placebo-treated  and  T40214- treated  mice  (P  =  0.001),  (c) 
placebo-treated  and  T40231-treated  mice  (P  =  0.037), 
(< d )  paclitaxel-treated  and  combination- treated  mice 
(P  <  0.001),  and  ( e )  paclitaxel-treated  and  T40214-treated 
mice  (P  =  0.005). 

GQ-ODN  Suppression  of  Tumor  Growth  through 
Apoptosis 

To  determine  the  mechanism  of  tumor  growth  suppres¬ 
sion  by  GQ-ODNs,  we  analyzed  HNSCC  tumors  micro¬ 
scopically  following  H&E  staining  (Fig.  4,  top)  and  TUNEL 
staining  (Fig.  4,  bottom).  HNSCC  tumors  were  harvested 


from  placebo-treated  and  drug-treated  (GQ-ODN  or 
paclitaxel)  nude  mice  under  the  same  experimental 
conditions.  Tumor  cell  histologic  features  of  apoptosis  on 
H&E-stained  slides  were  observed  only  in  drug-treated 
tumors  and  not  in  tumors  from  placebo-treated  mice 
(Fig.  4A).  TUNEL  staining  showed  no  TUNEL-positive 
cells  in  tumors  from  placebo-treated  mice  (Fig.  4B,  left). 
A  few  TUNEL-positive  cells  were  detected  in  the  tumors 
from  paclitaxel-treated  mice  (Fig.  4B,  middle).  However,  the 
greatest  number  of  TUNEL-positive  cells  was  observed 
in  tumors  from  GQ-ODN -treated  mice  (Fig.  4B,  right). 
A  count  of  the  TUNEL-positive  cells  among  total  cells  in 
the  tumors  revealed  that  the  mean  percentage  of  TUNEL- 
positive  cells  in  the  tumors  from  placebo-treated  mice  was 
1.4%  whereas  that  from  T40214-treated  mice  was  12.3% 
(P  =  0.023,  Wilcoxin  rank  sum  test). 
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Discussion 

Stat3  has  been  proposed  as  a  target  for  development  of 
novel  treatments  for  cancers  including  HNSCC  (32,  33). 
Stat3  is  constitutively  activated  in  HNSCC  as  results  of 
increased  epidermal  growth  factor  receptor  or  IL-6 
receptor  (gpl30)  activity,  mediated  by  increased  epider¬ 
mal  growth  factor  receptor  expression  and  autocrine 
production  of  transforming  growth  factor-a  (40,  41)  or 
IL-6  (42),  respectively.  Inhibition  of  Stat3  activity — by 
targeting  epidermal  growth  factor  receptor,  transforming 
growth  factor-a  (43,  44),  and  gpl30  (42)  or  by  directly 
targeting  Stat3  via  antisense  oligodeoxynucleotides,  dom¬ 
inant-negative  Stat3  constructs,  or  antisense  constructs — 
has  been  shown  to  inhibit  tumor  cell  growth  in  vitro  (45) 
and  increase  tumor  cell  apoptosis  in  vivo  (13,  46).  These 
findings  indicate  the  importance  of  increased  Stat3  activity 
in  HNSCC  and  confirm  that  Stat3  is  a  critical  oncogenic 
signaling  protein  involved  in  the  proliferation  and 
apoptosis  prevention  of  HNSCC.  Our  previous  studies 
have  shown  that  GQ-ODN  strongly  suppresses  the  growth 
of  prostate  and  breast  tumors  in  nude  mice  xenografts  by 
inhibiting  Stat3  activity,  which  blocks  transcription  of  the 
antiapoptotic  proteins  Bcl-xL  and  Bcl-2  and  triggers 
apoptosis  of  cancer  cells  (33).  Cumulatively,  these  findings 
show  that  Stat3  strongly  influences  tumor  cell  prolifera¬ 
tion  and  apoptosis  in  multiple  types  of  human  cancer. 


making  it  an  important  therapeutic  target.  The  develop¬ 
ment  of  a  potent  inhibitor  of  Stat3  may  therefore  be  an 
important  step  toward  formulating  a  novel  chemothera¬ 
peutic  treatment  for  HNSCC. 

To  determine  whether  targeting  Stat3  with  GQ-ODN  will 
produce  a  novel  chemotherapeutic  treatment  for  head  and 
neck  cancers,  we  did  in  vitro  and  in  vivo  experiments 
with  GQ-ODN  using  several  HNSCC  cell  lines.  The  results 
clearly  show  that  GQ-ODN  significantly  inhibits  the  DNA- 
binding  activity  of  Stat3  but  not  that  of  Statl.  Specifically 
targeting  Stat3  among  other  ST  AT  proteins  is  highly 
desirable.  In  addition  to  Stat3,  constitutive  activation  of 
Statl  protein  has  been  shown  in  certain  human  cancer  cells 
and  tumor  tissues,  including  breast  cancer  and  HNSCC. 
Statl  acts  in  a  proapoptotic  and  antiproliferative  manner, 
which  denotes  a  function  that  is  in  opposition  to  Stat3  (3). 
Consequently,  specifically  targeting  Stat3,  rather  than  Statl, 
is  advantageous  in  the  development  of  a  potent  Stat3 
inhibitor. 

The  mechanism  for  the  selective  targeting  of  Stat3  by  GQ- 
ODN  was  determined  using  computational  analyses,  which 
are  based  on  statistical  methods  at  the  molecular  level  (47). 
We  randomly  docked  GQ-ODN  onto  Stat3  or  Statl  dimers 
1,000  times  without  setting  any  restrictions.  The  number  of 
H-bonds  formed  between  GQ-ODN  and  Stat3  dimer  was 
2-fold  greater  than  those  formed  between  GQ-ODN  and 
Statl  dimer,  showing  a  stronger  binding  interaction 


Figure  4.  Apoptosis  induced  in  HNSCC  tumors.  A,  H&E  images  show  that  in  placebo-treated  tumors,  all  HNSCC  cells  are  alive  (left)  whereas  in  GQ- 
ODN -treated  tumors,  most  HNSCC  cells  are  reduced  in  size  and  condensed,  indicating  apoptosis  (right).  B,  TUNEL-stained  slides  show  that  in  placebo- 
treated  tumors,  TUNEL-positive  cells  are  not  present  (i.e.,  no  cells  are  stained  dark  brown;  left);  a  few  TUNEL-positive  cells  are  present  in  paclitaxel-treated 
tumors  (middle);  and  in  the  GQ-ODN -treated  tumors,  the  greatest  number  of  TUNEL-positive  tumor  cells  are  presented  (right). 
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between  GQ-ODN  and  Stat3  dimer.  The  histograms  of 
H-bond  distribution  clearly  showed  that  GQ-ODN  inter¬ 
acts  predominantly  with  Stat3  dimer  in  the  range  of 
amino  acid  residues  638  to  652,  which  lie  within  the 
SH2  domains;  these  residues  play  a  critical  role  in  Stat3 
dimerization.  Although  the  sequences  and  structure  of 
Stat3  dimer  are  very  similar  to  the  Statl  dimer  (36,  37), 
selective  targeting  of  Stat3,  and  not  of  Statl,  by  GQ-ODN 
was  based  on  a  few  critical  amino  acid  residues.  The 
paired  residues,  Q643  and  N646,  repel  one  another  due 
to  their  negatively  charged  polar  side  chains.  The  docking 
results  showed  that  GQ-ODN  extended  into  the  SH2 
domains  and  formed  seven  H-bonds  with  residues  Q643 
to  N647,  and  predicted  that  GQ-ODN  would  destabilize 
Stat3  dimer  formation  and  disrupt  DNA-binding  in 
Stat3.5  However,  GQ-ODN  did  not  interact  with  Statl 
due  to  the  fact  that  the  K637  of  one  monomer  interacts 
with  the  S640  of  the  other,  thereby  locking  the  binding 
site  and  blocking  the  interaction  of  GQ-ODN  with  the 
Statl  dimer. 

The  growth  of  HNSCC  tumors  in  nude  mice  xenografts 
was  significantly  suppressed  by  GQ-ODN  T40214,  as  well 
as  by  the  combined  treatment  of  GQ-ODN  T40214  and 
paclitaxel.  The  tumors  grew  very  fast  when  the  mice  were 
treated  with  polyethylenimine  alone.  However,  for  the 
five  mice  treated  with  T40214  and  paclitaxel,  virtually  all 
tumors  disappeared  over  the  21-day  treatment  period. 
Paclitaxel  binds  to  microtubules,  stimulates  microtubule 
polymerization,  and  blocks  the  ability  of  cells  to  dismantle 
the  mitotic  spindle  during  mitosis  (48,  49).  GQ-ODN  has 
been  shown  to  inhibit  Stat3  activation  and  suppress  the 
expression  of  antiapoptotic  proteins,  such  as  Bcl-xL  and 
Bcl-2,  inducing  apoptosis  in  tumors  (33).  In  our  in  vivo 
drug  tests,  we  found  that  the  combined  treatment  of 
T40214  and  paclitaxel  significantly  suppressed  HNSCC 
tumor  growth  during  the  entire  study  period,  showing  the 
synergy  of  this  combination.  GQ-ODN  suppressed  tumor 
growth,  at  least  in  part,  because  of  increased  apoptosis 
whereas  paclitaxel  presumably  blocked  tumor  cell  divi¬ 
sion.  Possibly,  the  two  activities,  enhancing  cell  death  and 
reducing  cell  proliferation,  combined  to  effectively  block 
tumor  growth. 

GQ-ODN,  as  a  novel  class  of  anticancer  agent,  has 
several  specific  features  (47).  GQ-ODNs  such  as  T40213 
and  T40231  form  the  G-quartet  structures  within  cells, 
which  prevent  single-strand  endonucleases  from  accessing 
their  cleavage  sites,  leading  to  a  long  oligonucleotide  half- 
life  inside  cells  (50).  In  addition,  G-quartet  ODNs  show 
low  toxicity.  An  analogue  of  T40214  (51)  did  not  exhibit 
genetic  toxicity  in  three  different  mutagenesis  assays:  the 
Ames  Salmonella  mutagenesis  assay,  the  Chinese  hamster 
ovary/hypoxanthine-guanine  phosphoribosyltransferase 
mammalian  cell  mutagenesis  assay,  and  the  mouse 
micronucleus  assay.  In  addition,  this  GQ-ODN  had  an 
LD50  >  1.5  g/ kg  body  weight,  which  is  150-fold  greater 


5  Q.  Zhu  and  N.  Jing,  unpublished  data. 


than  the  therapeutic  dose  used  in  our  studies  (10  mg/kg). 
Therefore,  GQ-ODNs  represent  promising  novel  agents 
for  cancer  therapy  either  alone  or  in  combination  with 
other  drugs  such  as  paclitaxel. 
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Stat3  is  a  critical  therapeutic  target  for  non-small  cell  lung  cancer  (NSCLC)  and 
GQ-ODN,  as  a  Stat3  inhibitor,  represents  a  promising  treatment  in  NSCLC 
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ABSTRACT 


Worldwide,  lung  cancer  is  the  leading  cause  of  cancer  mortality  and  the  majority  of  lung  cancers 
are  non-small  cell  lung  cancers  (NSCLC).  Despite  some  advancement  in  alternative  therapies 
over  the  past  decade,  the  overall  prognosis  for  NSCLC  patients  remains  very  poor.  Thus, 
innovative  therapeutic  approaches  employing  new  agents  are  urgently  needed.  Signal  transducer 
and  activator  of  transcription  3  (Stat3) — which  participates  in  oncogenesis  through  the 
upregulation  of  genes  encoding  apoptosis  inhibitors,  cell-cycle  regulators,  and  inducers  of 
angiogenesis — provides  a  rational  molecular  target  for  cancer  therapy.  Recently,  we  developed 
G-quartet  oligodeoxynucleotide  (GQ-ODN)  as  a  potent  anticancer  agent.  Our  studies  show  that 
GQ-ODN  T40214  and  T40231  significantly  suppress  the  growth  of  NSCLC  tumors  in  nude  mice 
by  specifically  inhibiting  the  activation  of  Stat3  and  its  regulated  proteins  (e.g.,  Bcl-2,  Bcl-xL, 
Mcl-1,  VEGF,  survivin,  Cyclin  Dl,  and  c -myc);  thereby,  greatly  promoting  apoptosis  and 
reducing  angiogenesis  and  cell  proliferation  in  NSCLC  tumors.  These  findings  validate  Stat3  as 
an  important  molecular  target  for  NSCLC  therapy  and  provide  evidence  that  targeting  Stat3 
signaling  may  constitute  a  novel  and  potent  therapeutic  treatment  option  for  NSCLC.  Our  results, 
which  demonstrate  the  efficacy  of  GQ-ODN  in  blocking  p-Stat3  DNA-binding  and  inhibiting 
Stat3  phosphorylation,  correspond  well  with  the  mechanism  of  Stat3  activation  and  inactivation 
proposed  in  2005  by  the  Darnell  group  (17). 


2 


INTRODUCTION 


Lung  cancer  is  one  of  the  most  prevalent  cancers,  and  a  leading  cause  of  cancer  mortality 
worldwide.  In  the  United  States,  approximately  170,000  people  are  diagnosed  with  lung  cancer 
each  year  (1,2);  of  those  who  are  diagnosed,  approximately  85%  die  of  the  disease.  Moreover, 
the  number  of  lung  cancer  deaths  exceeds  the  combined  deaths  attributable  to  breast,  prostate, 
and  colon  cancers  (3).  Lung  cancer  has  been  the  leading  cause  of  cancer  death  in  men  for  years 
and,  since  1988,  it  has  also  become  the  number  one  cause  of  cancer  death  in  women.  The 
majority  of  lung  cancers  are  non-small  cell  lung  cancers  (NSCLC).  More  than  60%  of  all 
NSCLC  patients  have  advanced  or  metastatic  disease;  at  this  stage,  surgery  is  not  a  suitable 
option  (3).  Despite  some  improvement  in  alternative  treatments  over  the  past  decade,  the  overall 
prognosis  for  NSCLC  patients  remains  very  poor  (4).  Innovative  treatment  approaches  that 
employ  new  agents  with  different  mechanisms  of  action  and  novel  molecular  targets  are  urgently 
needed  for  lung  cancer  therapy.  In  this  regard,  Stat3 — a  critical  mediator  of  oncogenic  signaling 
that  is  highly  activated  in  a  wide  variety  of  human  tumors  (5) — may  hold  promise. 

Signal  transducer  and  activator  of  transcription  (STAT)  proteins  were  discovered  as  latent 
cytoplasmic  transcription  factors  (6).  Seven  known  mammalian  STAT  proteins  (i.e.,  Statl,  2,  3, 
4,  5a,  5b,  and  6)  are  involved  in  immune  response,  inflammation,  proliferation,  differentiation, 
development,  cell  survival,  and  apoptosis  (5).  These  proteins  contain  several  domains:  a 
tetramerization  domain,  a  coil-coil  domain,  a  DNA-binding  domain,  a  linker  domain,  an  Src- 
homology  2  (SH2)  domain,  a  critical  tyrosine  residing  near  the  C-terminal  end,  and  a  C-terminal 
transactivation  domain  (7,  8).  STAT  proteins  are  activated  in  response  to  the  binding  of  a 
number  of  ligands — including  cytokines  (e.g.,  IL-6)  and  growth  factors  (e.g.,  EGF) — to  their 
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cognate  cell  surface  receptors,  and  are  recruited  to  specific  phosphotyrosine  residues  within 
receptor  complexes  through  their  SH2  domains;  they  subsequently  become  phosphorylated  on 
the  tyrosine  residue  within  their  C-terminus  and  dimerize  through  reciprocal  interactions 
between  the  SH2  domain  of  one  monomer  and  the  phosphorylated  tyrosine  of  the  other.  The 
activated  dimers  translocate  to  the  nucleus,  where  they  bind  to  DNA-response  elements  in  the 
promoters  of  target  genes  and  activate  specific  gene  expression  programs  (9). 

Stat3  has  been  identified  as  an  important  target  for  cancer  therapy,  since  it  participates  in 
oncogenesis  through  the  upregulation  of  genes  encoding  apoptosis  inhibitors  (Bcl-xL,  Mcl-1,  and 
survivin),  cell-cycle  regulators  (cyclin  D1  and  c -myc),  and  inducers  of  angiogenesis  (VEGF)  (9). 
Mounting  evidence  has  shown  that  Stat3  is  also  constitutively  activated  in  many  human  cancers, 
including:  82%  of  prostate  cancers,  70%  of  breast  cancers,  over  90%  of  head  and  neck  cancers, 
and  more  than  50%  of  lung  cancers  (10-13).  These  findings  indicate  that  the  activation  of  Stat3 
signaling  is  essential  to  the  development  of  human  cancer  cells;  thus,  providing  a  strong  rationale 
for  targeting  Stat3  to  treat  human  cancers  in  which  constitutive  Stat3  activation  plays  a  critical 
role. 

Recently,  we  laid  the  groundwork  to  develop  G-quartet  oligodeoxynucleotide  (GQ-ODN) — 
which  forms  G-quartet  helical  DNA  structures — as  a  potent  inhibitor  of  Stat3  activation.  In  our 
preliminary  studies,  we  have:  (1)  demonstrated  that  GQ-ODN  specifically  inhibits  Stat3 
activation  in  cancer  cells;  (2)  developed  a  novel  delivery  system  for  GQ-ODN,  to  increase  drug 
activity  in  cells  and  in  vivo ;  and  (3)  shown  that  GQ-ODN  T40214  and  T40231  significantly 
suppress  tumor  growth  and  greatly  increase  the  survival  of  nude  mice  with  tumors  in  which  Stat3 
is  activated  (e.g.,  prostate,  breast,  and  SCCHN  tumors)  (14-16).  Based  on  the  results  of  our 
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previous  studies,  we  have  determined  that  GQ-ODN  is  a  novel  and  promising  class  of  anti¬ 
cancer  drug  in  the  treatment  of  metastatic  tumors. 

In  the  present  report,  we  have  demonstrated  that:  1)  as  a  critical  oncogenic  signaling  pathway, 
Stat3  strongly  influences  the  progression  of  NSCLC  and  2)  targeting  the  Stat3  molecule  with 
GQ-ODN  constitutes  a  novel  and  potent  therapeutic  treatment  for  NSCLC.  We  also  provide 
experimental  evidence  for  the  proposed  mechanism,  that  a  tyrosine -phosphorylated  STAT  dimer 
is  quickly  dephosphorylated  when  the  STAT  dimer  is  dissociated  from  DNA  in  cells  (17,  18). 

MATERIALS  AND  METHODS 

Materials.  The  following  polyclonal  antibodies  were  obtained  from  Santa  Cruz  Biotechnology, 
Inc.  (Santa  Cruz,  CA):  anti-Stat3;  anti-Statl;  anti-cyclin  D1  against  amino  acids  1-295,  which 
represents  full-length  cyclin  D1  of  human  origin;  anti-VEGF;  anti-Bcl-xL;  and  anti-Bcl-2. 
Phospho-specific  antibodies,  p-Statl  and  p-Stat3,  were  purchased  from  Cell  Signaling 
Technology  (Beverly,  MA).  Goat  anti-rabbit  horseradish  peroxidase  (HRP)  conjugate  was 
purchased  from  Bio-Rad  Laboratories  (Hercules,  CA),  goat  anti-mouse  HRP  conjugate  was 
purchased  from  BD  Transduction  Laboratories  (Lexington,  KY).  Penicillin,  streptomycin, 
RPMI-1640  medium,  fetal  bovine  serum  (FBS),  and  0.4%  trypan  blue  vital  stain  were  obtained 
from  Invitrogen  Corporation/Life  Technologies,  Inc.  (Grand  Island,  NY).  Oligonucleotides  were 
synthesized  by  The  Midland  Certified  Reagent  Company,  Inc.  (Midland,  TX),  dissolved  in  PEI 
as  a  1  pg/pl  stock  solution,  and  stored  at  room  temperature  (RT). 
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Cell  Lines  and  Cell  Culture.  The  cell  lines  used  in  our  studies  included:  A  549  (human  non¬ 
small  cell  lung  carcinoma);  H292  (human  lung  epithelial  cell  carcinoma);  and  H359,  H596, 
H1792,  and  H1299  cells,  which  were  purchased  from  ATCC  (Manassas,  VA).  These  cell  lines 
were  cultured  in  DMEM  medium  supplemented  with  10%  FBS,  100  units/ml  penicillin,  and  100 
pg/ml  streptomycin. 

Electrophoretic  Mobility  Shift  Assay  (EMSA).  An  EMSA  assay  was  performed,  as  previously 
described  (14).  Briefly,  7x  105  NSCLC  cells  were  stimulated  with  EGF  or  IL-6  (25ng/ml)  for  20 
minutes.  Cells  were  washed  twice,  and  proteins  were  extracted  using  high-salt  buffer.  Protein 
concentrations  were  determined  by  Bradford  assay  (Bio-Rad  Laboratories).  P  -labeled  duplex 
DNA  probe  (hSIE  5  ’  - AGCTT C ATTT CCCGTAAAT CCT A)  was  purified  using  G-25  columns 
(GE  Healthcare/ Amersham  Biosciences;  Piscataway,  NJ).  Labeled  hSIE  probe  was  mixed  with  5 
pg  of  cell  protein  in  lx  binding  buffer  and  2  pg  of  polydeoxyinosinic-deoxycytidylic  acid,  then 
incubated  at  room  temperature  for  15  minutes,  with  or  without  GQ-ODN  oligos.  Samples  were 
then  loaded  into  wells  in  5%  polyacrylamide  gel  (0.25x  Tris  borate,  EDTA,  and  2.5%  glycerol). 
The  gel  was  run  at  160  V  for  2-3  hours  at  room  temperature  and  dried,  followed  by 
autoradiography. 

Western  Blot  Analysis.  To  determine  the  effect  of  GQ-ODN  on  Stat3  phosphorylation, 
cytoplasmic  extracts  were  prepared,  as  previously  described  (14),  from  murine  tumor  tissue  or 
A549  lung  cancer  cells  that  had  been  pretreated  with  GQ-ODN.  To  determine  the  effects  of  GQ- 
ODN  on  p-Stat3,  lung  tumor  cells  (1  million  cells  per  well)  were  first  pre -treated  with  IL-6  (25 
ng/ml)  or  EGF  (25  ng/ml)  for  30  minutes.  Cells  were  then  washed  in  serum-free  medium  and 
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incubated  with  various  concentrations  (0.5,  1,  5,  10  and  20  pg/pl)  of  GQ-ODN/PEI  complexes 
for  24  hours.  Cells  were  lysed  and  30  micrograms  of  whole  cell  protein  was  resolved  on  10% 
SDS-PAGE  gel,  transferred  to  a  nitrocellulose  membrane,  blocked  with  5%  nonfat  milk,  and 
probed  with  specific  antibody  against  Stat3  and  phosphorylated  Stat3  (p-Stat3).  To  determine  the 
expression  of  Stat3,  p-Stat3,  cyclin  Dl,  BcI-xl,  Bcl-2,  VEGF,  and  survivin  in  tumor  tissue,  50  pg 
of  protein  was  resolved  on  SDS-PAGE  and  probed  by  Western  blot  with  specific  antibodies,  in 
accordance  with  the  manufacturer’s  recommended  protocol.  The  blots  were  washed,  exposed  to 
horseradish  peroxidase-conjugated  secondary  antibodies  for  1  h,  and  finally  detected  by  ECL 
reagent  (GE  Healthcare/ Amersham  Biosciences).  The  bands  were  quantitated  using  a  Personal 
Densitometer  Scanner  (version  1.30)  and  ImageQuant  software  (version  3.3)  (GE 
Healthcare/ Amersham  Biosciences). 

Animal/Xenograft  Model.  Athymic  nude  mice  (Balb -nu/nu,  4  weeks  old,  weighing 
approximately  20g)  were  ordered  from  Charles  River  Laboratories,  Inc.  (Wilmington,  MA);  2.5 
million  A549  NSCLC  cells  in  200  pi  of  PBS  were  then  injected  subcutaneously  into  the  right 
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flank  of  each  mouse.  After  the  NSCLC  tumors  were  established  (50- 150mm  ),  the  nude  mice 
were  randomly  assigned  to  4  groups  of  5  (or  4):  Group  1,  was  treated  with  polyethylenamine 
(PEI)  (vehicle)  alone;  Group  2  was  treated  with  paclitaxel;  Group  3  was  treated  with  GQ-ODN 
T402 14/PEI;  and  Group  4  was  treated  with  GQ-ODN  T4023 1/PEI.  PEI  and  GQ-ODN  were 
administered  every  other  day  and  paclitaxel  was  injected  intraperitoneally  (IP)  every  4  days. 
Weight  and  tumor  size  were  measured  every  other  day.  Tumor  size  was  calculated  by  using  the 
function  (a  x  (0.5b)2),  where  a  equals  the  length  and  b  equals  the  width  of  tumors. 
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RNase  Protection  Assay  (RPA).  RPA  was  performed,  as  previously  described  (19,  20).  Briefly, 
for  each  sample  prepared  from  NSCLC  tumor  tissues,  five  micrograms  of  total  RNA  were  used 
in  the  RNase  protection  assay.  Riboprobes  specific  to  survivin,  c-myc,  and  Mcl-1  mouse  genes 
were  prepared.  Mouse  Angio-1,  Apo-2,  and  CYC-1  multi-probes  were  obtained  from  BD 
Biosciences/Pharmingen  (San  Diego,  CA).  An  RNase  protection  assay  was  performed  using  a 
kit  (Torrey  Pines  Biolabs,  Inc.;  Houston,  TX),  in  accordance  with  the  manufacturer’s 
instructions.  The  32P[UTP]  (3000  Ci/mmol,  ICN)-labeled  antisense  RNA  probes  were 
synthesized  using  mCK5  multi-probes  (BD  Biosciences/Pharmingen)  as  templates,  through  an  in 
vitro  transcription  system  (Promega  Corporation;  Madison,  WI).  Antisense  RNA  probes  were 
hybridized  with  the  RNA  samples  at  90°C  for  25  minutes.  Unhybridized  single-stranded  RNA 
was  digested  by  ribonuclease  A/Tl  (Sigma- Aldrich;  St.  Louis,  MO)  for  30  minutes.  Double- 
stranded  RNA  was  precipitated  by  stop  solution  at  -80°C  for  15-30  minutes,  and  centrifuged  at 
maximum  speed  for  30  minutes.  The  samples  were  resolved  by  6%  sequencing  gel. 
Subsequently,  the  gels  were  dried  and  exposed  to  X-ray  film. 

H  and  E  Staining  and  Terminal  Deoxyribonucleotidyl  Transferase-mediated  dUTP  Nick  End 
Labeling  (TUNEL)  Analysis.  In  order  to  determine  the  alterations  in  tumor  tissue  derived  from 
athymic  mice  treated  with  vehicle  alone  (PEI),  GQ-ODN  T40214,  GQ-ODN  T40231,  and 
paclitaxel,  we  collected,  fixed  (with  10%  formaldehyde  in  paraffin),  and  sectioned  the  tumor 
tissue.  For  morphology,  5  pm  tissue  sections  were  stained  with  H  and  E.  For  TUNEL  analysis, 
5  pm  tissue  sections  were  mounted  on  siliconized  glass  slides,  air  dried,  and  heated  at  45°C 
overnight.  After  deparaffinization  and  rehydration,  the  sections  were  digested  with  proteinase  K 
(120pg/ml)  for  20  minutes  at  room  temperature.  Following  quenching  of  the  endogenous 
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peroxidase  activity,  the  sections  were  washed  in  PBS,  and  subsequently  incubated  with 
equilibration  buffer  for  10  minutes  at  room  temperature.  Sections  were  boiled  and  50  pi  of  a  mix 
containing  terminal  deoxynucleotidyl  transferase,  reaction  buffer  containing  dATP,  and 
digoxigenin-1 1-dUTP  was  then  added.  The  sections  were  covered  with  a  plastic  coverslip, 
washed  in  stop/wash  buffer  for  10  minutes  at  room  temperature,  and  subsequently  washed  in 
PBS.  The  sections  were  then  incubated  with  anti-digoxigenin  peroxidase  for  30  minutes  at  room 
temperature  and  washed  in  PBS.  Finally,  color  development  was  accomplished  through 
immersion  of  the  slides  in  3’3  diaminobenzidine/0.1%  H2O2  for  3-7  minutes.  Sections  were 
counterstained  with  ethyl  green,  washed  in  butanol,  cleared  in  xylol  and  mounted  with  permount. 


RESULTS 

Activation  of  Stat3  in  NSCLC  cells.  To  determine  whether  Stat3  is  highly  activated  in  NSCLC, 
we  stimulated  Stat3  phosphorylation  with  IL-6,  EGF,  and  LPS  in  6  different  NSCLC  cell  lines: 
H292,  H358,  A549,  H596,  H1792,  and  H1299  (Fig.lA).  Western  blotting  analysis  of  the  A549, 
H596,  and  H1279  cell  lines  showed  that  Stat3  was  highly  activated  when  stimulated  with  IL-6; 
whereas,  the  H292,  H358,  and  H1299  cell  lines  showed  marginal  or  no  Stat3  activation.  When 
stimulated  with  EGF,  the  H358,  A549,  H596,  H1792,  and  H1299  cell  lines  showed  high 
activation  of  Stat3;  whereas,  the  H292  cell  line  showed  marginal  activation  of  Stat3.  Compared 
with  total  Stat3  levels,  LPS  stimulation  resulted  in  high  activation  of  Stat3  in  all  6  cell  lines.  The 
kinetics  of  Stat3  activation  (Fig. IB)  were  studied  in  A549  NSCLC  cells.  When  exposed  to  EGF 
(or  IL-6)  in  A549  cells  for  5,  10,  30,  and  60  mins,  Stat3  was  highly  activated  at  10  to  30  min  (IL- 
6  data  not  shown).  The  stimulation  of  A549  cells  with  LPS  (lipopolysaccharide,  5 pig/in  1 )  for  5, 
10,  30,  and  60  mins  showed  Stat3  activation  at  60  minutes.  These  results  indicate  that:  1)  as  a 
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critical  mediator  of  oncogenic  signaling,  Stat3  is  highly  activated  in  all  NSCLC  cells  and  2)  in 
NSCLC,  Stat3  activation  can  be  stimulated  through  several  pathways. 

Inhibition  of  StatS  activation  by  GQ-ODN  in  NSCLC  cells.  EMSA  and  Western  blot  were 
employed  to  demonstrate  the  inhibition  of  Stat3  activation  by  GQ-ODN  in  NSCLC  cells.  The 
sequences  and  structures  of  GQ-ODN  T40214  and  T40231  have  been  previously  delineated  (14), 
and  the  inhibition  of  Stat  3  DNA  binding  activity  by  GQ-ODN  T40214  and  T40231  is  shown  in 
Fig.2A.  DNA-binding  in  phosphorylated  Stat3  (p-Stat3)  dimers  was  identified  through  blot 
antibodies  against  Statl  (Abl)  and  Stat3  (Ab3).  Using  PEI  (polyethylenimine)  as  a  vehicle  for 
intracellular  delivery,  the  results  showed  inhibition  of  Stat3  activity,  via  T40214  and  T40231,  in 
NSCLC  cell  lines  A549  and  H292,  which  were  stimulated  by  IL-6  and  EGF,  respectively.  IC50S 
of  the  inhibition  of  Stat3  DNA-binding  activity  for  T40214  and  T40231  are  about  10  pM. 
Western  blot  was  performed  under  the  same  conditions  as  EMSA  in  A549.  The  results 
demonstrate  that  GQ-ODN  T40214  totally  blocks  Stat3  phosphorylation  in  NSCLC  at  70  pM 
(Fig.2B);  as  a  control,  equal  amounts  of  total  Stat3  (T-Stat3)  were  loaded  for  each  lane.  As  a 
vehicle,  PEI  does  not  inhibit  p-Stat3.  Also,  in  NSCLC  cells,  T40214  does  not  inhibit  p-Statl 
expression,  compared  to  T-Statl,  which  shows  that  T40214  selectively  targets  p-Stat3,  but  not  p- 
Statl,  in  NSCLC  cells. 

GQ-ODN  induced  apoptosis  in  cancer  cells,  but  not  normal  epithelial  cells.  Here,  we  employed 
TUNEL  assays  to  determine  the  effect  of  GQ-ODN  on  apoptosis  in  normal  versus  malignant 
epithelial  cells.  As  shown  in  Fig.3,  normal  epithelial  cells  (NRK-52E;  upper  panels)  and  cancer 
cells  (HepG2;  lower  panels)  were  pre-incubated  with  PEI  alone  (middle  panels)  or  GQ-ODN/PEI 
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complexes  (right  panels),  under  the  same  conditions,  for  24  hours.  Micrographs  show  that 
apoptotic  cells  were  stained  dark  brown  via  TUNEL-positive  staining  and  normal  cells  were 
unstained.  Compared  to  cells  incubated  in  control  media  (left  panels),  PEI  did  not  induce 
apoptosis,  either  in  cancer  or  normal  epithelial  cells  (middle  panels).  However,  GQ-ODN  (right 
panels)  significantly  increased  apoptosis  in  cancer  cells,  where  Stat3  is  overactive,  but  not  in 
normal  cells;  thus,  demonstrating  that  GQ-ODN  has  no  toxicity  in  normal  cells. 

GQ-ODN  significantly  suppressed  the  growth  of  NSCLC  tumors  in  vivo.  Assessing  the 
effectiveness  of  a  drug  in  animal  models  is  an  important  step  toward  establishing  its  potential 
clinical  utility.  To  this  end,  we  utilized  nude  mice  xenografts  as  animal  models  of  in  vivo  drug 
testing  in  order  to  evaluate  the  potential  of  GQ-ODN  as  an  anti-cancer  agent.  First,  nude  mice 
were  injected  subcutaneously  with  NSCLC  cells  (e.g.,  A549)  in  which  Stat3  is  constitutively 
active.  After  tumors  were  established  (vol.  50-150  mm  ),  treatment  of  the  nude  mice  with 
NSCLC  (A549)  tumors  was  performed  by  IP  injection.  The  nude  mice  were  randomly  assigned 
to  4  groups  (4  or  5  mice  in  each  group):  Group  1  (placebo)  was  treated  with  PEI  (2.5  mg/kg) 
alone;  Group  2  was  treated  with  paclitaxel  (a  clinical  drug)  at  lOmg/kg;  and  Groups  3  and  4  were 
treated  with  T4023 1/PEI  and  T40214/PEI  (10mg/kg/+2.5mg/kg),  respectively.  PEI  and  GQ- 
ODN  were  administered  every  two  days;  paclitaxel  was  injected  every  four  days,  to  ensure  safety 
of  the  mice  from  toxicity.  The  results  demonstrate  that,  over  the  21 -day  treatment  period,  the 
mean  size  of  NSCLC  tumors  in  the  placebo-  and  paclitaxel-treated  mice  increased  from  93  to 
1 144  (mm3)  and  from  88  to  519  (mm3),  respectively;  whereas,  the  mean  size  of  NSCLC  tumors 
only  increased  from  89  to  204  (mm3)  and  from  83  to  123  (mm3)  in  mice  treated  with  T40231  and 
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T40214,  respectively  (Fig.4).  Significant  differences  in  tumor  growth  were  observed  between 
placebo-treated  mice  and  T40214-treated  (p=0.002)  or  T40231  -treated  mice  (p=0.004). 

The  mechanism  of  GQ-ODN  suppressing  NSCLC  tumors  in  vivo.  It  is  important  to  understand 
the  mechanism  of  NSCLC  therapy  when  using  GQ-ODN  as  an  anti-cancer  agent.  Here,  we 
performed  Western  blots  with  tissue  from  NSCLC  tumors  of  nude  mice  to  demonstrate  the 
expression  of  p-Stat3  versus  p-Statl  (Fig.5A).  Xenografted  tumors  were  harvested  at  the  end  of 
treatment,  cut  into  small  pieces,  and  sonicated  or  homogenized  with  POLYTRON  aggregate  in 
ice  for  2  minutes.  After  centrifugation,  the  supernatants  were  harvested  and  concentrations  of 
proteins  were  determined  by  Bradford  assay.  Western  blots  were  obtained  from  murine  tumor 
tissues  pretreated  with  PEI  alone,  GQ-ODN  (T40214  and  T40231),  and  paclitaxel.  To  determine 
expression  of  the  Stat3 -regulated  proteins — including  cyclin  Dl,  Bcl-xL,  Bcl-2,  VEGF,  survivin, 
and  others — in  whole  cell  extracts  of  treated  tumor  tissues,  30-50  pg  of  protein  was  resolved  on 
SDS-PAGE  and  probed  by  Western  blot  with  specific  antibodies,  in  accordance  with  the 
manufacturer’s  recommended  protocol. 

By  loading  equal  amounts  of  total  Stat3  (T-Stat3)  in  each  sample  as  a  control,  we  found  that:  1) 
compared  to  the  tumors  treated  by  placebo  (PEI  alone,  Lane  1),  GQ-ODN  T40214  and  T40231 
(Lanes  2  and  3)  totally  blocked  expression  of  phosphorylated  Stat3  (p-Stat3)  and  its  down- 
regulated  proteins  (i.e.,  Bcl-2,  Bc1-xl,  Mcl-1,  survivin,  VEGF,  Cyclin  Dl,  and  c -my o')  in  NSCLC 
tumors  and  2)  compared  to  tumors  treated  by  placebo  (Lane  1),  paclitaxel  (Lane  4)  did  not 
inhibit  Stat3  activation  (p-Stat3),  and  only  partially  suppressed  expression  of  Bcl-xL,  survivin, 
and  c-myc  in  NSCLC  tumors,  thus  showing  a  mild  effect  in  NSCLC  tumors.  Finally,  in 
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comparing  the  bends  of  total  Statl  (T-Statl)  and  phosphorylated  Statl  (p-Statl),  we  observed 
that  phosphorylated  Statl  (p-Statl)  was  not  inhibited  by  GQ-ODN  in  tumors. 

To  determine  whether  the  expression  of  Stat3 -regulated  proteins  (e.g.,  Bcl-2,  Bcl-xL,  Mcl-1, 
VEGF,  and  others)  is  inhibited  through  blocking  Stat3  DNA  transcription,  or  directly  by  GQ- 
ODN,  an  RNase  protection  assay  (RPA)  was  employed  to  test  the  mRNA  of  the  Stat3 -regulated 
genes  in  NSCLC  tumors.  The  results  (Fig.  5B)  obtained  from  the  tumors  of  two  placebo-treated 
mice  (Fanes  1  and  2)  and  two  T40214-treated  mice  (Fanes  3  and  4)  clearly  show  that  the  mRNA 
levels  of  the  Stat3 -regulated  genes  (i.e.,  Mcl-1,  VEGF,  bcl-x,  and  bcl-2)  in  NSCFC  tumors  of 
T40214-treated  mice  are  much  lower  than  the  mRNA  levels  of  the  placebo-treated  mice.  Fig.  5  A 
and  B  demonstrate  that  GQ-ODN  blocks  the  expression  of  Stat3 -regulated  proteins  and 
suppresses  the  mRNA  of  these  proteins.  In  sum,  the  RPA  data  demonstrate  that  the  activation  of 
Stat3 -regulated  proteins — such  as  Bcl-2,  Bcl-xL,  Mcl-1,  VEGF,  and  others — is  inhibited,  due  to 
the  fact  that  Stat3  DNA  transcription  is  blocked  by  GQ-ODN. 

The  TUNEF  kit  used  to  quantify  apoptosis  was  based  on  labeling  the  apoptotic  cells  with 
cleaved  DNA  fragments,  at  the  single  cell  level;  light  microscopy  was  used  for  data  analysis. 
The  apoptotic  tumor  cells  were  stained  dark  brown  via  TUNEF-positive  staining,  and  the  normal 
tumor  cells  remained  unstained.  The  results  show  that,  compared  with  the  NSCFC  tumors  treated 
by  PEI  alone  (Figure  5C,  upper  left  panel),  significant  apoptosis  of  tumor  cells  is  observed  in 
NSCFC  tumors  treated  by  GQ-ODN  T40214  (Fig.5C,  upper  right  panel).  The  pathological 
microscopy  of  H&E  clearly  shows  that,  in  comparison  with  the  placebo-treated  H&E  image 
(Figure  5C,  lower  left  panel),  the  GQ-ODN-treated  H&E  image  (Figure  5C,  lower  right  panel) 
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display  that  tumor  cells  were  shrunk  with  chromatin  condensation  and  tumor  tissue  was  partially 
resulted  in  the  necrosis. 


DISCUSSION 

Despite  some  improvement  in  alternative  therapies  over  the  past  decade,  the  overall  prognosis 
for  NSCLC  patients  remains  very  poor  (21).  Although  chemotherapy  provides  a  clinically 
significant  benefit,  the  resultant  effect  is  only  modest  (22).  Thus,  new  agents — with  different 
mechanisms  of  action  and  novel  molecular  targets — are  urgently  required  to  treat  NSCLC.  The 
recent  report  by  Haura  et  al.,  that  p-Stat3  was  highly  expressed  in  54%  of  NSCLC  primary 
tumors  in  176  patients,  suggests  Stat3  is  a  promising  molecular  target  for  lung  cancer  therapy 
(23). 

Our  findings  demonstrate  that  the  phosphorylation  of  Stat3  in  NSCLC  cells  can  be  stimulated  by 
the  cytokine,  IL-6;  epithelial  growth  factor  (EGF);  or  lipopolysaccharide  (LPS)  (Fig.l).  The 
kinetic  results  indicate  EGF  or  IL-6  activate  Stat  3  within  a  short  time,  and  that  LPS  stimulates 
Stat  3  activation  after  a  longer  period,  which  suggests  that  IL-6  and  EGF  directly  interact  with 
the  JAK/STAT  system,  as  previously  described  (9);  however,  LPS  seems  to  stimulate  Stat3 
activation  indirectly  and  the  mediators  are,  as  yet,  unknown.  We  also  observed  that,  in  NSCLC 
cells,  when  T40214  is  increased  to  70pM  and  the  incubation  is  continued  for  24  hours,  Stat3 
DNA-binding  activity  is  significantly  inhibited  (Fig.  2A)  and  phosphorylation  of  Stat3  is  totally 
blocked  as  well  (Fig.  2B).  It  should  be  noted  that  our  EMSA  results  are  consistent  with  the  data 
derived  from  Western  blot  analysis  under  the  same  conditions.  These  studies  demonstrate  that 
GQ-ODN  not  only  blocks  Stat3  DNA-binding  activity,  it  also  inhibits  Stat3  phosphorylation.  The 
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Darnell  group  recently  proposed  that  a  tyrosine-phosphorylated  STAT  dimer  will  be  quickly 
dephosphorylated  when  the  STAT  dimer  is  dissociated  from  DNA  in  cells  (17,  18).  The  simple 
process  proposed  is  that,  after  dissociating  with  DNA  duplex,  the  parallel  p-STAT  dimer — held 
together  only  by  pY-SH2  interaction — spontaneously  dissociates  as  monomers  that  are  then 
targeted  by  phosphatase  and  return  to  the  cytoplasm.  Our  results  provide  evidence  that  both 
functions  (i.e.,  blocking  Stat3  DNA-binding  and  inhibiting  Stat3  phosphorylation)  can  be 
induced  by  one  binding  mechanism.  GQ-ODN  T40214  inhibits  DNA-binding  activity  within  p- 
Stat3  dimer  and  dissociates  p-Stat3  dimer  from  DNA  duplex,  as  demonstrated  in  EMSA,  and 
subsequently  induces  p-Stat3  dephosphorylation  (or  attenuates  p-Stat3),  as  shown  in  Western 
blot.  Thus,  our  results  correspond  well  with  the  mechanism  of  Stat3  activation  and  inactivation 
proposed  by  Darnell  group;  however,  details  at  the  molecular  level  remain  unknown. 

In  addition,  our  results  in  cells  and  tumors  clearly  show  that  GQ-ODN  selectively  inhibits  the 
activation  of  Stat3,  but  not  Statl,  both  in  vitro  and  in  vivo  (Fig.2B  &  5 A).  The  selective  targeting 
of  Stat3  becomes  a  key  factor  in  the  development  of  a  potent  Stat3  inhibitor.  Independent  of 
Stat3,  Statl  and  Stat5  are  also  active  in  many  human  cancers  (5).  Stat5  has  a  potent  oncogenic 
role  similar  to  Stat3.  Statl,  which  acts  in  a  pro-apoptotic  and  anti-proliferative  manner,  seems  to 
be  a  tumor  suppressor  whose  functions  differ  from  those  of  Stat3  (24).  However,  the  crystal 
structures  show  that  the  dimer  organization  of  Statl  is  very  similar  to  that  of  Stat3  and  also  51% 
of  amino  acids  of  Statl  are  identity  with  that  of  Stat3  (60%  identity  in  the  SH2  domain),  which 
makes  the  design  of  a  potent  Stat3  inhibitor  even  more  challenging  (7,  8).  In  our  previous  studies 
(14,  16),  we  demonstrated  that  GQ-ODN  predominantly  interacts  with  the  p-Stat3  dimer  in  the 
range  of  amino  acid  residues,  638  to  652,  within  the  SH2  domains.  The  selective  inhibition  of  p- 
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Stat3  activity  by  GQ-ODN  is  based  upon  a  few  critical  residues  that  form  a  local  structure 
different  from  that  of  the  p-Statl  dimer.  In  the  p-Stat3  dimer,  the  paired  residues  of  Q643  and 
N646  repel  one  other  to  form  a  channel  conformation,  in  which  GQ-ODN  is  held  by  seven  Id- 
bonds  that  disrupt  DNA-binding  interaction.  However,  the  corresponding  paired-residues  of 
Statl  dimer,  K637  and  S640,  lock  the  dimer  together;  thereby,  blocking  the  interaction  of  GQ- 
ODN  with  Statl. 


With  a  novel  intracellular  delivery  system  (25),  we  demonstrated  that  GQ-ODN  significantly 
suppresses  the  growth  of  NSCLC  tumors  in  nude  mice  xenografts.  Importantly,  we  also  know 
that  GQ-ODN  inhibits  Stat3  DNA-binding  activity  and  blocks  its  transcription.  The  activation  of 
several  critical  proteins  regulated  by  Stat3  is  totally  prohibited  in  NSCLC  tumors,  including 
apoptosis  inhibitors  (Bcl-xL,  Mcl-1,  and  survivin),  cell-cycle  regulators  (cyclin  D1  and  c -myc), 
and  inducers  of  angiogenesis  (YEGF).  The  inhibition  of  these  proteins  induces  a  tremendous 
increase  in  apoptosis  and  a  concomitant  decrease  in  angiogenesis  and  cell  proliferation  in 
tumors — all  of  which  strongly  deter  tumor  growth.  We  have  also  found  that  paclitaxel  has  a 
mild  effect  on  NSCLC  tumor  growth,  due  to  the  fact  that  this  agent  does  not  inhibit  Stat3 
activation,  but  only  partially  blocks  expression  of  the  proteins  Bcl-xL,  survivin,  and  c -myc.  These 
results  provide  solid  evidence  that  Stat3  is  an  important  molecular  target  for  NSCLC  therapy  and 
that  targeting  Stat3  signaling  may  constitute  a  novel  and  potent  therapeutic  treatment  for 
NSCLC. 


The  mechanism  of  Stat3  inhibition  by  GQ-ODN  is  depicted  in  Fig.6.  Monomers  of  Stat3  in  the 
cytoplasm  of  cancer  cells  become  activated  through  the  stimulation  of  IL-6,  EGF,  or  LPS.  Stat3 
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is  also  recruited  by  intrinsic  or  receptor-associated  tyrosine  kinases,  such  as  JAK  or  Src. 
Tyrosine  phosphorylation  of  Stat3  induces  the  formation  of  active  Stat3  dimers  through  their 
SH2  domains;  the  activated  Stat3  dimers  then  translocate  to  the  nucleus,  where  they  bind  to 
DNA-response  elements  in  the  promoters  of  target  genes  and  activate  specific  gene  expression 
programs  (5).  GQ-ODNs  are  delivered  into  the  cytoplasm  by  PEI/DNA  complexes.  Induced  by 
the  elevated  K+  concentration  within  the  cytoplasm,  ODNs  form  G-quartet  structures  that  diffuse 
into  the  nucleus  and  inhibit  DNA  binding,  as  previously  described  (15,  25);  subsequently,  they 
dissociate  Stat3  dimer  from  DNA,  inducing  p-Stat3  dephosphorylation.  The  inhibition  of  Stat3 
activation  by  GQ-ODN  blocks  the  translation  of  Stat3 -regulated  genes;  notably,  those  encoding 
anti-apoptotic  proteins  (Bcl-2,  Bcl-xL,  Mcl-1,  and  survivin),  cell-cycle  regulators  (cyclin  D1  and 
c -myc),  and  inducers  of  angiogenesis  (VEGF).  Consequently,  the  inhibition  of  Stat3  activation — 
which  significantly  promotes  apoptosis  and  reduces  angiogenesis  and  cell  proliferation — 
strongly  suppresses  tumor  growth.  Therefore,  GQ-ODN  is  believed  to  represent  a  novel  and 
promising  class  of  anti-cancer  drug  in  the  treatment  of  metastatic  NSCLC  tumors. 
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FIGURE  LEGENDS 

Figure  1.  (A)  Western  blots  show  that,  when  stimulated  by  IL-6,  EGF,  and  LPS,  Stat3  is  highly 
activated  in  NSCLC  cells  (e.g.,  H292,  H358,  A548,  H596,  H1792,  and  H1299).  (B)  Kinetic  data 
show  stimulation  of  Stat3  phosphorylation  in  A549  cells  with  EGF  and  LPS  for  5,  10,  30,  and  60 
mins;  p-Stat3  stimulated  by  EGF  or  LPS  is  activated  in  10  or  60  mins,  respectively. 
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Figure  2.  (A)  Results  obtained  from  EMSA  show  the  inhibition  of  Stat3  DNA-binding  activity 
by  GQ-ODNs  T40214  and  T40231  in  NSCLC  cells  (e.g.,  A549  and  H292);  ns-ODN  (non¬ 
specific  ODN)  is  the  control.  (B)  The  Western  blot  shows  that  GQ-ODN  significantly  blocks 
phosphorylation  of  Stat3,  but  not  Statl,  in  NSCLC  cells  (e.g.,  A549);  p-Stat3  (or  p-Statl)  and  T- 
Stat3  (or  T-Statl)  are  phosphorylated  Stat3  (or  Statl)  and  total  Stat3  (or  Statl),  respectively.  PEI 
does  not  inhibit  p-Stat3. 

Figure  3.  The  photomicrographs  show  that  apoptotic  cells  (stained  in  dark  brown)  are  induced 
by  GQ-ODN.  The  normal  epithelial  cells  (NRK-52E)  (upper  panels)  and  the  cancer  cells 
(HepG2)  (lower  panels)  were  pre-incubated  with  PEI  alone  (middle  panels)  or  GQ-ODN/PEI 
complexes  (right  panels)  for  24  hours,  under  the  same  conditions. 

Figure  4.  The  photographs  show  nude  mice  with  NSCLC  tumors  treated  by  placebo  (PEI  alone; 
left  panels)  and  by  GQ-ODN  T40214  (right  panels)  over  a  period  of  21  days.  Mice  with  NSCLC 
tumors  were  treated  by  placebo  and  T40214,  respectively,  at  the  beginning  of  treatment  (A)  and 
at  the  end  of  treatment  (B).  (C)  Tumor  volumes  versus  day  of  drug  treatment  for  the  four 
treatment  groups. 

Figure  5.  (A)  Western  blots  obtained  from  NSCLC  tumors  demonstrate  the  expression  of  total 
Stat3  (T-Stat3),  phosphorylated  Stat3  (p-Stat3),  T-  Statl,  and  p-Stat3  and  its  downregulated 
proteins,  including  Bcl-2,  Bc1-xl,  Mcl-1,  survivin,  VEFG,  Cyclin  D1  and  c-myc.  Lane  1:  tumor 
treated  by  placebo  (PEI  alone);  Lane  2:  tumor  treated  by  T40214;  Lane  3:  tumor  treated  by 
T40231;  and  Lane  4:  tumor  treated  by  paclitaxel.  (B)  The  results  of  RPA  were  obtained  from  the 
tumors  of  two  placebo-treated  mice  (Lanes  1  and  2)  and  two  T40214-treated  mice  (Lanes  3  and 
4).  The  mRNA  of  the  Stat3 -regulated  genes:  Mcl-1  (left),  VEGF  (middle),  Bcl-xL,  and  Bcl-2 
(right)  in  NSCLC  tumors  of  T40214-treated  mice  are  much  weaker  than  those  of  placebo-treated 
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mice.  L32  and  GAP  were  the  controls.  (C)  Apoptosis  induced  in  NSCLC  tumors.  TUNEL- 
stained  slides  (upper  panels)  demonstrate  that  in  placebo-treated  tumors  (left),  TUNEL-positive 
cells  are  not  present  (i.e.,  no  cells  are  stained  dark  brown),  and  in  the  GQ-ODN-treated  tumors 
(right),  the  greatest  number  of  TUNEL-positive  tumor  cells  are  present.  H&E  images  (lower 
panels)  show  that  in  placebo-treated  tumors  (left),  all  NSCLC  cells  are  alive,  while  in  GQ-ODN- 
treated  tumors  (right),  most  NSCLC  cells  have  shrunk,  due  to  chromatin  condensation,  partially 
resulting  in  necrosis  (the  circled  area). 

Figure  6.  The  mechanism  of  GQ-ODN  in  inhibiting  Stat3  activation  for  the  purpose  of  cancer 
therapy  (details  are  provided  in  the  text). 
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